We have analyzed the high-resolution ultraviolet (UV) emission spectrum of molecular deuterium hydride (HD) excited by electron impact at 100 eV under optically thin, single-scattering experimental conditions. The highresolution spectrum (FWHM ¼ 160 m8) spans the wavelength range from 900 to 1650 8 and contains the two Rydberg series of HD:
, respectively. We have also determined the dissociative excitation cross sections at 100 eV for the emission of Ly at 1216 8 and Ly at 1025 8 lines, which are (7:98 AE 1:12) ; 10 À18 and (0:40 AE 0:10) ; 10 À18 cm , respectively. The summed excitation function of the closely spaced pair of lines, H Ly and D Ly, resulting from dissociative excitation of HD, has been measured from the threshold to 800 eV and is analytically modeled with a semiempirical relation. The model cross sections are in good agreement with the corrected Ly cross sections of Möhlmann et al. up to 2 keV. Based on measurements of H, D (2s) production cross section values by Möhlmann et al., the H, D (n ¼ 2) cross section is estimated to be 1:6 ; 10 À17 cm 2 at 100 eV.
Subject headingg : molecular data 1. INTRODUCTION
Astrophysics and the Solar System
The primordial abundance of the deuterium element, D, is continually depleted in the cosmos by nuclear processes within the interior of stars. The study of D abundance by HD ultraviolet ( UV) absorption techniques has far-reaching cosmological significance as the present HD abundance is a lower limit to the primordial abundance ( Ferlet et al. 2000) . HD is the third most abundant molecule in the interstellar medium ( ISM). The Copernicus satellite detected interstellar HD via UV absorption transitions, belonging to the Lyman and Werner electronic band systems, toward bright stars (Spitzer et al. 1973 ) such as Zeta Ophiuchi (Morton 1975) . More recently, with the Far Ultraviolet Spectroscopic Explorer (FUSE) satellite, a sample of these HD UV absorption transitions has also been detected in a variety of interstellar translucent clouds toward less bright stars in the Galactic and extragalactic environments (Ferlet et al. 2000; André et al. 2004; Lacour et al. 2005; Boissé et al. 2005) . The analysis of the Copernicus interstellar data is based upon the HD wavelengths measured by Dabrowski & Herzberg (1976) and the transition probabilities calculated by Allison & Dalgarno (1970) . The shortcomings of these values based on Hönl-London factors for molecular hydrogen and its isotopes have been pointed out by Liu et al. (1995) and Abgrall et al. (1999) . Allison & Dalgarno (1970) band transition probabilities partitioned by Hönl-London factors yield significant errors when nonadiabatic rovibronic correction and centrifugal potential are not negligible. The nonadiabatic correction mainly affects close-lying levels.
In the solar system HD has been observed in the atmosphere of all four giant planets (Jupiter, Saturn, Uranus, and Neptune), with an HD/H 2 abundance ratio of (1 10) ; 10 À5 ( Taylor et al. 2004) . The determination of the D/ H ratio in the giant planets has long been recognized as a powerful tool to understand the formation of the solar system from the primitive nebula. The H Ly line is one of the strongest lines in the spectrum of the giant planets' aurora (cf. Bhardwaj & Gladstone 2000) , mainly produced through electron impact dissociative excitation of H 2 gas in their upper atmospheres. However, some contribution to this auroral line from the outer planets' atmospheres can also come from dissociative excitation of HD, whose contribution is not known. Even observation of the D Ly line from Jupiter's airglow has been reported ( Ben Jaffel et al. 1998) , although it has been contested too ( Parkinson et al. 1999) . The possibility exists for the presence of HD in the extrasolar giant planets. Indeed, H Ly has been detected in absorption toward HD 209458b ( Vidal-Madjar et al. 2003) , which is a Jupiter-like planet orbiting a Sun-like star, indicating the presence of H and H 2 in its atmosphere. Finally, we mention the detection of D-bearing molecules (HDO and DCN) in comets, where the D/H abundance ratio, in HDO/H 2 O, is estimated to be $3 ; 10 À4 (Bockelée-Morvan et al. 2005) . This ratio can be used to infer the processing a comet has undergone during evolution to estimate the pristine nature of its nucleus content. Interestingly, the D/H ratio in comets is about twice the terrestrial value and about a factor of 10 higher than the values found in the protosolar material, but quite similar to that found in the interstellar medium, which may indicate a similar origin.
Molecular Physics
Electron impact collision processes on HD have been studied both experimentally and theoretically. Geiger & Schmoranzer (1969) investigated the electron energy loss spectra of HD at 34 keV and measured the integrated vibrational intensities of the Lyman and Werner bands. Geiger & Schmoranzer (1969) determined Franck-Condon factors and isotope effects among H 2 , HD, and D 2 . Dissociative recombination processes for specific vibrational states of HD + have been measured by Amitay et al. (1999) . Core excited resonances in HD, for the 11-13 eVelectron energy range, have been studied by Furlong & Newell (1995) . On the theoretical side, rotational excitation of HD by low-energy electrons has been calculated by Hara (1971) , and vibrational excitation of HD has been analyzed theoretically by Kazanskii (1996) . More recently, Celiberto et al. (2001) created an extensive theoretical database for the electron impact inelastic cross sections of HD, emphasizing the dissociative electron attachment cross sections at very low energies (less than 6 eV).
Electron impact dissociative excitation cross sections of HD have been studied experimentally via the analysis of the Ly emission arising from principal quantum number n ¼ 2, H, D (2p, 2s ! 1s transitions) through the processes
These cross sections were measured at electron energies of 100-2000 eV by the group from Holland ( Möhlmann et al. 1978) about 25 years ago. Their measurements were based on the pre-1985 value of cross section of the H Ly from dissociative excitation of H 2 at 100 eVof 1:2 ; 10 À17 cm 2 , compared to the more recent and accurate value of 7:16 ; 10 À18 cm 2 (Liu et al. 1998 ). Moreover, due to experimental constraints, the measurements of Möhlmann et al. (1978) are limited to energies !100 eV, and therefore no information is available on the threshold and nearthreshold region. Additionally, Ajello et al. (1991 Ajello et al. ( , 1995a Ajello et al. ( , 1995b have shown that the dissociation of H 2 molecules proceeds by branches for singly and doubly excited states. The set of dissociation reactions for the H Ly and the D Ly ( hereafter H, D Ly) produced during dissociative excitation of HD can be identified using analytic models to fit the measured excitation function. To our knowledge the UV spectrum of HD under single-scattering conditions of electron impact fluorescence has not been measured before. Emission experiments in discharge tubes have been conducted in the past for determining rotational and vibrational constants (Dabrowski & Herzberg 1976) . The laboratory measurements of emission cross sections are the basis to analytical models for calculations of electron energy loss in gaseous environments rich in hydrogen molecules and its isotopes (e.g., Singhal et al. 1992; Dalgarno et al. 1999; Ajello et al. 2005; cf. Bhardwaj & Gladstone 2000 and references therein) . Reliable cross sections are obtained through coupling between laboratory program and theory (Liu et al. 1998 ).
Plan for Paper
We have recently reported the analysis of high-resolution UV emission spectra following electron impact excitation of H 2 (Liu et al. 1995 Jonin et al. 2000) and D 2 (Abgrall et al. 1999) . The discrete and continuum line transition probabilities were calculated by Abgrall et al. (1993a Abgrall et al. ( , 1993b Abgrall et al. ( , 1993c Abgrall et al. ( , 1994 Abgrall et al. ( , 1997 for H 2 and Abgrall et al. (1999) for D 2 . In this paper we report a combined experimental and theoretical investigation of the UV emission spectrum of HD. The theoretical study involves detailed calculations of emission transition probabilities of individual rotational lines of the
The experimental record is concerned with the measurement of high-resolution (0.16 8 FWHM) electron impact-induced UV emission spectra from 900 to 1700 8. We have also measured the excitation function of the H, D Ly produced in dissociative excitation of HD in the low-and medium-energy regions (10-800 eV) and made an estimate of the dissociative excitation cross sections of the HD Rydberg state for n ¼ 2 and 3 at 100 eV.
The organization of the paper is as follows. Section 2 describes briefly the experimental apparatus used to measure the UVemission from the deuterium hydride molecule produced by electron impact. Section 3 reports the relative flow measurement of the H, D Ly cross section at 100 eV. The coupled Schrödinger equations formalism used in ab initio calculations of continuum and discrete transition probabilities for the first two principal quantum number levels (n ¼ 2, 3) of HD is related in x 4. In the model section (x 5), we provide a concise description of the theoretical model used to analyze the observed electron impact fluorescence intensities, which takes into account the B, B 0 , C, and D 0 states. In x 6, cross sections are determined for each of the B, B 0 , C, and D states at 100 eV. Section 7 describes the analysis of the electron impact dissociative excitation cross sections for the combined optically allowed transition of H, D Ly at 1215.67 and 1215.34 8, respectively. Section 8 is a summary section and discussion of the results.
EXPERIMENTAL APPARATUS
The experimental setup, which consists of an electronmolecular-beam collision chamber and a 3 m UV spectrometer interfaced for computer control and data acquisition, has been described in previous papers ( Liu et al. 1995; Ajello et al. 1995a Ajello et al. , 1995b Ajello et al. , 1996 Jonin et al. 2000; Vatti Palle et al. 2004 ). The UV spectrometer used is an Acton VM-523-SG spectrometer at the Jet Propulsion Laboratory (JPL) (k/Ák ¼ 67;000). The single channel detector used is a channel electron multiplier with a CsI coating, prepared by vacuum deposition at our laboratory. The holographic grating used with this spectrometer is a customcoated B 4 C concave 1200 grooves mm À1 grating with a horizontal ( plane of dispersion) aperture ratio of f/28.8. The slow optical system results in a narrow field of view of the collision region of 3.8 mm ( horizontal) by 2.4 mm (vertical). The UV photon signal is detected by the spectrometer with an optic axis at 90 to the plane containing the crossed electron and HD target molecule beams. The interaction volume is approximately 2 mm 3 . The polarization of the radiation is negligible for the HD transitions at 100 eV excitation energy. The magnetically collimated electron beam source is described in detail by Ajello et al. (1990) . In brief, the thermionic electrons are created by heating a tungsten filament. The beam is collimated using an axially symmetric magnetic field of 100 G, which is generated by a solenoid system. The energy resolution of the electron beam is 1 eV. The absolute energy of the electron beam for energy scans is calibrated by measuring the appearance potential of the H, D Ly from dissociative excitation of HD at 14.67 eV. We have performed wavelength scans at 100 eV with the HD target molecules formed by a capillary array effusing into the collision chamber. The optical path length is proportional to the distance from the collision region to the entrance slit (a distance of 11.05 cm). The low-pressure spectrum allowed nearly optically thin intensity measurements of all bands including the resonance bands (v 0 , 0). The measured spectra were corrected for relative inverse sensitivity of the spectrometer system consisting of the grating and channel electron multiplier. The relative inverse sensitivity calibration data was obtained by measuring the intensities of emissions from electron impact excitation of molecular hydrogen in the 800-1700 8 range and comparing them to the modeled H 2 intensities (Ajello et al. 1988; Liu et al. 1995) . The resulting calibration data and fifth-degree polynomial fit for the HD experiment are shown in our recent paper for an SO 2 experiment ( Vatti Palle et al. 2004) .
The spectral resolution is 0.16 8 FWHM for the present experiment. The emission spectrum was obtained by scanning the grating from 900 to 1650 8. The wavelength increment was 0.032 8, which yielded a FWHM of five steps in the wavelength for the stepping motor. The integration time for each data point was 75 s in the far-ultraviolet ( FUV) spectral region (1100-1650 8) and 180 s in the extreme-ultraviolet ( EUV) spectral region (900-1120 8). The background HD gas pressure was 1:5 ; 10 À5 torr for the optically thin FUV region (without resonance bands) and 7:8 ; 10 À6 torr for the EUV region that includes all the resonance bands (800-1120 8). The two spectra were smoothly joined in the 1100-1120 8 region by matching the intensities of rotational lines. The secondary absorption and emission processes were negligible. Line intensities below 900 8 were too weak at these integration times. Longer integration times were not possible at the prohibitively high cost of obtaining 99.9% purity of the HD. Nonuniform wavelength shifts of 0.1 8 can occur because of temperature fluctuations of the spectrometer housing (1 K) during the several day spectral scans of 10,000 channels in the EUVand 18,750 channels in the FUV.
THE ABSOLUTE CROSS SECTION
OF H AND D Ly AT 100 eV
The absolute cross section of the closely spaced D Ly and H Ly lines from electron impact dissociative excitation of HD at 100 eV was established by two techniques: the relative flow method and the static gas method. The relative flow calibration technique compares the relative intensities of the H, D Ly and the H 2 Ly (i.e., H Ly from electron impact dissociative excitation of H 2 ) at a resolution of 0.8 8 FWHM in the cross-beam mode over a range of gas pressures. The UV photon signal varies linearly with the background gas pressure over the range 5 ; 10 À7 to 5 ; 10 À6 torr. At this spectral resolution the two Ly peaks of HD (one due to H Ly and the other due to D Ly produced in dissociative excitation of the HD) are unresolved. The numerous rotational lines of Lyman and Werner appear as a continuum below the H, D Ly feature. This continuum level furnishes the background value. At a higher resolution of 0.16 8 FWHM the H Ly and the D Ly peaks are measured to be of equal intensity. The ratio of the Ly emission cross sections coming from HD (i.e., H, D Ly) to those due to H 2 (i.e., H Ly) was found to be 1.07. Similarly, the cross section ratio in the static gas method (Ajello et al. 1990 (Ajello et al. , 1991 , in which the collision chamber is maintained at a uniform hydrogen gas pressure of 7 ; 10 À6 torr, was found to be 1.16. Thus, the two methods give nearly identical results within the experimental error. We find the average value of 1.115 for the two experimental methods for the ratio of the two Ly cross sections. Using the cross section of the H Ly from dissociative excitation of H 2 ( Liu et al. 1998) , we find the dissociative excitation cross section leading to emission of the H, D Ly feature to be 7:98 ; 10 À18 cm 2 at 100 eV electron impact energy. The total emission cross section contribution from Lyman and Werner rotational lines laying between 1214.5 and 1216.5 8 is 2:0 ; 10 À19 cm 2 . The principal remaining uncertainties to the cross section value are the signal statistics (1%), the systematic plus statistical difference of the two methods (8%), and pressure and electron beam current uncertainties (5%). Consequently, the cumulative error, 1 , in the absolute cross section of H, D Ly is 14%. The uncertainty of the H, D Ly feature given later in this paper is estimated to be 25%.
THEORETICAL CALCULATIONS OF TRANSITION PROBABILITIES
We have calculated the emission transition probabilities between the B, B 0 , C, and D upper rovibronic levels and the ground X rovibrational levels of HD, as well as the total emission lifetime of the upper states. The rovibrational levels within the electronic X ground state are obtained within the adiabatic approximation where the one-dimensional Schrödinger equation of the nuclear motion is solved, including the centrifugal barrier.
As already noted for H 2 by various authors (e.g., Abgrall et al. 2000; Senn et al. 1988) , the upper electronic states may be coupled via rotational and radial coupling, and we obtain the rovibrational upper states by taking explicitly into account the nonadiabatic couplings and expanding the wave functions over the different Born-Oppenheimer ( BO) wavefunction:
Each É TJ is the product of the electronic BO wavefunction and the nuclear wavefunction describing the rotational motions. The nuclear wave function f ST v J and the energy levels E v jJj are obtained from the eigenfunctions and eigenvalues of the Schrödinger coupled equations whose diagonal terms are adiabatic potentials and off-diagonal terms are rotational and radial electronic coupling matrix elements. The formalism is described in detail by Senn et al. (1988) . The spontaneous emission transition probability (which is equivalent to the Einstein A-coefficient) between two discrete levels is given by the expression
where E v J is the energy of the level (v, J ), M S is the electric dipole matrix element between wavefunctions of excited S(v J ; J J ) and ground electronic X (v i ; J i ) states, and indicates whether the spectroscopic branch label is P, Q, or R. When the emission takes place into the X continuum states, the expression has to be modified to take into account the different normalization of the continuum wave functions. Then
where the kinetic energy of dissociating atoms e i replaces the vibrational indices v i and the continuum wave functions satisfy the normalization relative to energy. The total emission probability, which is the inverse of the radiative lifetime, includes a sum over all possible emission processes:
where A c (v j ; J j ) is the total emission probability toward the continuum, which is given by
where the selection rules on J are taken into account and where an integral is performed over the kinetic energy of the continuum level.
The dipole matrix elements, M S , appearing in equation (3) are given by the following expressions:
where M BX , M CX , M B 0 X , and M DX are the real values of electronic transition moments, which are functions of the internuclear distance and calculated in the BO approximation.
Since HD is not a homonuclear molecule, the center of mass does not coincide any more with the center of charge. Therefore, in the case of HD, gerade and ungerade labels do not define exact good quantum numbers for the rovibronic states, and a weak rovibrational coupling can take place between u and g BO states. This is demonstrated by the experimental observation of weak dipole transitions between the g-g (such as EF-X, GK-X, etc.) electronic states (see, e.g., Dabrowski & Herzberg 1976 and Hinnen et al. 1995) . This weak effect appears especially in the case of accidental coincidence between u and g uncoupled rovibrational states, and we did not include it for generating our emission transition probability calculations in the present paper.
Electronic Matrix Elements
In Abgrall et al. (2000), we had smoothed the small inaccuracies of the ab initio matrix elements and the effect of the limited expansion by a small empirical adjustment. This has not been done here, because there are not enough accurate experimental levels. Moreover, the local g u couplings shift levels in a random way.
The calculations were performed by introducing the most recent and accurate matrix elements values. The diagonal matrix elements ( BO potentials and adiabatic corrections) of the B and B 0 states as well as the B X and B 0 X electronic transition matrix elements are taken from Staszewska & Wolniewicz (2002) and Wolniewicz & Staszewska (2003a) and those for the C and D states are taken from Wolniewicz & Staszewska (2003b) . The off-diagonal rotational and radial matrix elements are taken from Wolniewicz & Dressler (1988) .
The adiabatic potential for the ground electronic X state is taken from Wolniewicz (1993) . The transition wavenumbers have been obtained by using the experimental terms for the lower states. Then the comparison with the available experimental measurements reflects the accuracy of our calculated upper states. We find that, when comparison is available, our calculated values are generally within 2 cm À1 of the experimental values of Dabrowski & Herzberg (1976) . This comparison confirms that the g-u coupling borrowing effect, which reduces the allowed g-u emission probability of u-state and transfers the difference to forbidden g-g emission probability of a close g-state, is generally weak.
THE SPECTRAL MODEL
The prime goal of the laboratory program is to determine the emission cross sections of the n ¼ 2 and 3 Rydberg states (B, B 0 , C, and D) of HD at 100 eV and to verify the accuracy of the theoretical calculations presented in x 4. The model used to estimate the cross sections from the laboratory spectrum has been described in previous papers on H 2 ( Liu et al. 1995 ( Liu et al. , 1998 ( Liu et al. , 2002 ( Liu et al. , 2003 Jonin et al. 2000) . We will describe it in a general way here. The model calculates the intensity of UV discrete and continuum transitions in an HD gas excited by electrons (E e ¼ 100 eV), using transition probabilities based upon the rotationalvibrational-electronic wavefunctions of the ground and excited states from the previous section. The population of the ground state rotational levels is controlled by the gas temperature. The J 00 ¼ 1 level contains the largest rotational population, roughly 40% of the population at 300 K. The Q1 lines of the np Rydberg series are the most strongly self-absorbed rotational lines. The ground state molecules in vibrational and rotational thermal equilibrium are excited into the various rovibronic states according to the volumetric excitation rate g(, , J, E e ). The photoemission intensity into the various branches from rovibronic state |h, , J i| is partitioned according to the emission branching ratio and predissociation yield, P (, , J ) . The volumetric photoemission rate, I, including self-absorption is given by
where A(X ; ; v;
A(X ; ; v f ; v; J f ; J ) and A(X ; ; v f ; v; J f ; J ) is the Einstein A-coefficient for spontaneous transition from the excited state |h, , J i| to the state |hX, f , J f i| of the X 1 AE þ g ground state and A(X ; ; v; J ) is the total emission probability (Liu et al. 1995 (Liu et al. , 1998 Jonin et al. 2000) . Tr (X ; ; v; J ; T ) is the transmission function for self-absorption through HD gas at temperature, T (Ajello et al. , 2001 ). Deviations from the single-scattering in the determination of experimental emission cross sections are negligible. The excitation rate g (; ; J ; E e ) is proportional to the mean cross section in the v 00 ¼ 0, J 00 initial level, the population density in level J 00 of the ground state, and the electron flux. Equation (7) shows that the mean cross section is the weighted average of the population in the J 00 rotational level for each branch, the excitation cross section for the branch, and the impact electron flux F e at energy E e (Liu et al. 1998 ). The volumetric excitation rate is given by
The quantity Q ij (E e ) is the excitation cross section at 100 eVand is calculated from a known transition probability, assuming the validity of the Born approximation. The subscripts (ij) represent the collection of quantum numbers (, f , J f ) and (X, , J ) of the ground and excited states ( Liu et al. 1995 . For negligible self-absorption the photoemission intensity in equation (7) is proportional to the mean emission cross section. In the present work we used the total transition probabilities of the previous section for the B, B 0 , C, and D, that is, the n ¼ 2 and 3 members of the Rydberg np and np series.
The model spectra at 160 m8 FWHM for each of the B, B 0 , C, and D ! X transitions are shown in Figure 1 without selfabsorption, cascading, and (pre)dissociation at an electron impact energy of 100 eV. The synthetic model spectra cover the range from 800 to 1700 8. The wavelength region of interest of the present experimental study comprises a slightly narrower region from 900 to 1700 8, which is a spectral region that contains all the emission from the Rydberg n ¼ 2 states and most of the emissions from the n ¼ 3 states. Approximately 25% of the B 0 and D band systems lie below 900 8. This model must be used to account for the missing rotational lines for wavelengths below 900 8 in order to estimate the total UVemission from HD. It is clear that the Werner band emissions dominate the emission spectrum in the wavelength region from 950 to 1200 8, whereas Lyman band transitions dominate the emission from 1200 to 1650 8. The strongest part of the Lyman continuum lies in the wavelength range between 1500 and 1600 8. The model omits the unknown contribution from the n ¼ 4 Rydberg level comprising the B 00 X and D 0 X band systems. A comparable analysis of H 2 for the same bands has shown that n ¼ 4 makes a small contribution to the emission spectrum in the 900-950 8 region. The unmeasured 750-900 8 region would be dominated by the n ¼ 4 Rydberg bands. The set of strongest Werner rotational lines are all Q1 branch lines. The strongest line is the Q1(1, 4) rotational line at 1139.74 8, followed by several other nonresonant Q-branch rotational lines at 1191.18 8 Q1(2, 6) and 1202.36 8 Q1(3, 7), and a resonant band at 969.81 8 Q1(2, 0). There are also very strong R0 lines for these same vibrational transitions also originating from J 0 ¼ 1. There are two important ways for producing the strong vibrational transition progressions for the Lyman band system. In the first, called direct mode, the electrons induce a g-u dipole allowed transition toward the rovibrational levels of B (especially v 0 ¼ 6-12), then the excited HD returns to rovibrational level of X by emitting UV radiation. In the second, called cascade mode, the electrons induce a dipole-forbidden transition principally toward gerade symmetry upper intermediary electronic states, (Kolos & Wolniewicz 1969) . We call the EF-B cascade band the Lyman band produced via the cascade mechanism with EF as intermediary g electronic state. Our theoretical model takes into account only the first mechanism. However, the experimental data will show the importance of the cascade mode. The strongest direct excitation rotational lines are at 1508.53 8 P1, P2, P3, P4, R0, R1, R2, and R3 (12, 16) and1572.40 8 P1, P2, P3, P4, R0, R1, R2, and R3 (9, 16).
The strongest D X features are found at 984.41 and 1023.86 8. These features are a blend, respectively, of Q1, 2 and R0, 1 (1, 4) and (2, 6) rotational lines. Only the feature at 984.41 8 is fully resolved in the experimental spectrum at 0.16 8 FWHM, but it appears very weak on a relative basis compared to the Lyman and Werner bands. For this reason the n ¼ 4 members of the two Rydberg series, which are the upper principal quantum numbers for the B 00 X and D 0 X bands, are not expected to contribute strongly to the regression analysis of the next section. In the spectral region below 900 8 lie the two strong D X features at 855.79 and 897.87 8, which are also a blend, respectively, of Q1, 2 and R0, 1 (3, 0) and (1, 1) rotational lines.
ANALYSIS OF THE HIGH-RESOLUTION LABORATORY SPECTRUM
We have analyzed the laboratory high-resolution spectrum observations with the model given in the previous section. We compare the data and modeled synthetic spectrum using a regression analysis best-fit approach, a method similar to that presented in Ajello et al. (1998 Ajello et al. ( , 2001 Ajello et al. ( , 2005 for the analysis of the UV observations of the Jupiter aurora. The first vector (a linear array of 25,000) in the regression involves the sum of the Lyman and Werner discrete and continuum emissions. We assess this summed intensity as a constraint to the regression analysis. The constraint is based upon our theoretical calculation of the oscillator strengths for the Lyman and Werner band systems and the Modified Born approximation study of the excitation cross 
(continuum) band systems for the HD molecule. The intensities of the
band systems have been expanded by a factor of 5. Fig. 2. -Comparison between the experimental spectrum (solid lines) and a model synthetic spectrum (dashed lines) based on the regression analysis obtained at 300 K gas temperature, 100 eV electron impact energy, and 0.160 8 FWHM from 900 to 1650 8. The experimental spectrum has been corrected for the instrumental sensitivity variation as described in Vatti Palle et al. (2004) . The model spectrum is based on the line intensities, calculated using the transition probabilities of this paper, convoluted with the triangular instrument slit transfer function: (a) 900-1000 8, (b) 1000-1100 8, (c) 1100-1200 8, (d) 1200-1300 8, (e) 1300-1400 8, ( f ) 1400-1500 8, (g) 1500-1600 8, and (h) 1600-1650 8. sections of the Lyman and Werner bands of H 2 ( Liu et al. 1998) . From the HD Lyman band oscillator strengths, we calculate that the Lyman continuum contributes 29.7% of the summed intensity of the discrete rotational lines and continuum of the Lyman band system. We have explained the calculation of continuum dissociation yields previously for H 2 (Abgrall et al. 1997 ) and D 2 (Abgrall et al. 1999) . The Modified Born approximation, which is an analytic expression for the excitation cross section as a function of energy, can be used to relate the relative intensities of the Lyman and Werner bands for electron impactinduced fluorescence at 100 eV. For the constraint, we make the assumption that the shapes of the Lyman and Werner excitation functions for HD and H 2 are the same. We can calculate the direct excitation cross sections for the Lyman and Werner cross sections at 100 eV. Using the oscillator strengths of HD we find that the excitation cross sections at 300 K and 100 eV of the B 1 AE þ u and C 1 Å u states are 2:57 ; 10 À17 and 2:54 ; 10 À17 cm 2 , respectively.
There are three remaining independent spectral vectors in the regression analysis. The next two vectors consist of the discrete excitation transitions of the two n ¼ 3 HD Rydberg bands (B 0 X and D X ). The fourth vector is the H, D Ly lines, a single vector centered at the mean value of the H Ly at 1215.67 8 and the D Ly at 1215.34 8. The omission of the EF, GK, and HH ! B cascade model vector may lead to a serious underestimation of the intensity values in the FUV spectral region where the v 0 ¼ 0, 1 cascade progressions of the gerade states are strongly excited. We will show that cascade is very important in the 1300-1600 8 wavelength region. We will make a calculation of the EF-B oscillator strengths needed to estimate the major cascading contribution to the Lyman band system in x 8.
Based on the regression analysis, we show in Figure 2 the best fit of the synthetic spectrum model to the laboratory spectrum obtained in the 900-1650 8 region. The figure is divided into  eight subfigures, 2a, 2b, 2c, 2d, 2e, 2f, 2g, and 2h , of 100 8 each. The absolute emission cross sections of the n ¼ 2, 3 Rydberg series members along with the H, D Ly cross sections and estimates for cascade cross sections in the FUVand the sum of cascade and n > 3 Rydberg series members in the EUV at 100 eV are given in Table 1 . The n ¼ 3 Rydberg series emission cross sections (B 0 X and D X ) are calculated from the regression model coefficients of n ¼ 3 compared to regression model coefficients of the n ¼ 2 Rydberg series members. In Table 1 0 , C, and D states and the cascading from the gerade states, the latter as explained below, from the extended UV wavelength region comprising all rotational lines and continua from 800 to 1700 8.
The most important omission to the HD Rydberg model band system is the neglect of possible cascades coming from the gerade excited electronic states, particularly EF
The bands produced by these cascades are found throughout the UV region at wavelengths greater than 900 8. By using the arguments from our understanding of the cross sections of the H 2 molecule, we expect about 70%-80% of the B-state cascade bands to be located above the H Ly wavelength (1216 8). Below the H Ly wavelength, approximately 10% of the cascade bands arise from the EF, GK, and ( Liu et al. 2002) . The remaining 10%-20% of the cascade cross sections for wavelengths below H Ly is distributed among the other Rydberg band systems, including most strongly the Lyman bands. The cascade contributions from the B 0 and D states amount to less than 1% of the total HD cascade cross section. We show in Table 1 the estimate of the B (cascade) cross section to be 3:20 ; 10 À18 cm 2 (for wavelengths above the H Ly), based upon the discrepancy in intensity between the measured signal in the FUV and the best-fit direct excitation FUV model in Figure 2 . The B 1 AE þ u emission cross section is found to be 2:89 ; 10 À17 cm 2 . As a lower limit, the cascade cross section contributes 11% of the emission cross section at 100 eV.
The other Rydberg emission cross sections of the other Rydberg states are found to be 2:54 ; 10 À17 cm 2 for C 1
We also give in Table 1 the first estimate of the H, D Ly cross section to be 4:0 ; 10 À19 cm 2 at 100 eV. Besides molecular band radiative emission, direct dissociation or predissociation of the molecule with formation of an excited atom is another way for de-excitation after electron impact. We can see in Jonin et al. (2000) that dissociation is negligible for B and C states but that for B 0 and D states the dissociative yields are 54% and 32%, respectively. We expect the same behavior for HD. We list in Table 1 the set of Lyman and Werner 100 eV excitation and emission cross sections for the hydrogenic isotopes: HD, H 2 , and D 2 , which were measured in our laboratory over the past 10 years. The cross section values are the same to within about 6%. The electronic structures of the three species are nearly identical, which is the major effect in determining the electronic cross section.
The strongest rotational lines for the
Lyman system from cascade are found in the (v 0 ¼ 0, v 00 ) vibrational progression. In Figure 2 the P1, P2, P3, and R0, 1 (0, 4) rotational lines near 1306 8 and P1, P2, P3, and R0, 1 (0, 5) rotational lines near 1358 8 are shown to be particularly strong. The same progression values for H 2 were shown to dominate its cascade spectrum ( Dziczek et al. 2000; Liu et al. 2002) .
H, D Ly EXCITATION FUNCTION
We have measured the excitation function for the H, D Ly production in electron impact dissociation excitation of HD from threshold to 800 eV. The excitation function was put on an absolute scale by normalizing it to the dissociative excitation emission cross section of 7:98 ; 10 À18 cm 2 at 100 eV. The dissociative excitation cross section for H, D Ly at 100 eV is determined by comparing the Ly relative intensity in HD gas to that in H 2 gas in both a gas swarm and a gas jet cross beam environment ( Liu et al. 1998 ). The laboratory-measured dissociative excitation cross section for production of the H, D Ly are analytically represented, within experimental error, using the semiempirical relation (Jackman et al. 1977; Bhardwaj & Michael 1999a; Vatti Palle et al. 2004 )
Here q 0 ¼ 4a 2 0 R 2 and has the numerical value 6:513 ; 10 À14 eV 2 cm 2 , E is the energy of incident electron in eV, W is the ''fitting'' threshold energy for the process in eV, while W th is the ''real'' threshold of the process in eV (cf . Table 2) , and , , , and e Dziczek et al. (2000) . f Ajello et al. (1996) .
F are the fitting parameters. The model-fitted and laboratorymeasured cross sections are shown in Figure 3 and the model parameters are given in Table 2 . The inset in Figure 3 shows the model fit in the lower energy region (energy in logarithmic scale): the region that is difficult to view in the full plot in linear scale. The inset of Figure 3 also helps describe the shape of the Ly excitation function in the near threshold and low-energy regions.
The agreement between the model and data is fairly good keeping in view of the scatter in experimentally measured excitation function data. The advantage of representing the cross sections analytically is the great ease in using cross section values in comprehensive theoretical models, and their usage removes any ambiguity about the actual cross sections used in model calculations (e.g., Bhardwaj & Michael 1999a , 1999b Bhardwaj 1999 Bhardwaj , 2003 . There are several singlets (singly and doubly excited) and triplet states that contribute to the excitation function of the H, D Ly (e.g., Ajello et al. 1991 Ajello et al. , 1995a Ajello et al. , 1995b . As can be observed from Table 2 , the excitation function has been modeled using three different processes, having thresholds at 14.67 eV ( process I), 23.0 eV ( process II), and 30.2 eV (process (III). We have taken these three thresholds as identified by Ajello et al. (1995b) for the production of the H Ly emission from dissociative excitation of H 2 . These processes can adequately represent the cross section shape and magnitude of the H, D Ly line (cf. Fig. 3) . The cross section (E ) in equation (8) is the sum of contributions from the three independent processes I, II, and III. The H, D Ly cross section peaks at $70 eV with a value of 8:6 ; 10 À18 cm 2 . The maximum contribution at energies higher than the cross section peak comes from the singlet states ( process III), which peaks at 100 eV, and it also provides the shape of a modified Born approximation to the excitation function at high energies. The sharp rise in the excitation function near threshold is apparently produced by a combination of exchange and resonance cross sections of triplet and singlet states. The excitation function in this region is fitted with process I having threshold at 14.67 eV; the contribution from process I peaks at $25 eV.
Earlier, Möhlmann et al. (1978) have measured the cross section of H, D Ly by electron impact on HD for the energy range 100-2000 eV. Their cross section value at 100 eV is 10:8 ; 10 À18 cm 2 compared to our value of 7:98 ; 10 À18 cm
2
. The H, D Ly cross sections of Möhlmann et al. (1978) , however, need to be corrected. The reason is that Möhlmann et al. (1978) used the measured H Ly (from H 2 ) cross section value of 12:0 ; 10 À18 cm 2 at 100 eV to obtain their H, D Ly cross section (from HD); while in the present study we have used the recently measured value of 7:6 ; 10 À18 cm 2 from Liu et al. (1998) for the H Ly (from H 2 ), which is more accurate. To test this proposition, we normalized the H, D Ly value of Möhlmann Table 2 . The cross section was measured in the static gas mode. et al. (1978) at 100 eV with our measured value and apply this correction to their H, D Ly cross sections at all energies. The resulting cross section values are shown in Figure 3 with diamonds. The agreement between the two measurements is good over the overlapping energy range of 100-800 eV.
Having established the consistency between our measured H, D Ly values with those of Möhlmann et al. (1978) , after applying correction, we can compare the results of the analytical model to the data of Möhlmann et al. (1978) for obtaining a verification of the predicted cross section at higher energies. The model cross sections extending to 2 keV are also plotted in Figure 3 , which shows that the analytical model cross sections are consistent with the corrected values of Möhlmann et al. (1978) . At higher (above 1 keV) energies, the H, D Ly cross section is dominated by the singlet-states, which follow the asymptotic Born dipole shape predicted by the model. Table 3 presents the cross sections for H, D Ly at selected energies from threshold to 2 keV; the values have an estimated error of about 15%.
DISCUSSION
We have contributed significantly to the molecular physics database for HD through the process of analyzing a highresolution ultraviolet emission spectrum of molecular deuterium hydride excited by electron impact at 100 eV under optically thin, single-scattering experimental conditions. The analysis of the spectrum is based upon newly calculated transition probabilities and line positions with rovibrational coupling for the strongest (n ¼ 2 and 3) band systems,
The high-resolution laboratory spectrum (FWHM ¼ 160 m8) covers the wavelength range from 900 to 1650 8, and contains the two Rydberg series of HD:
A regression analysis of the experimental spectrum over the observed wavelength range using synthetic spectra for the n ¼ 2 and 3 band systems of HD is in good agreement with observed intensities, showing minor contributions from the n ¼ 4 and 5 members of the Rydberg series at wavelengths above 900 8.
Comparison with the Model Spectra
We compare now the experimental and fitted spectra in the two selected spectral regions. These two narrow wavelength regions are shown in Figure 4 (top and bottom panels). The first region extends from 1350 to 1360 8 and includes the rotational lines from a strong cascade band
The second region, 1380-1390 8, lies between the B(0, 5) and B(0, 6) bands and therefore contains fewer contributions from the cascade excitation.
In the first spectral region, some peaks are found in the laboratory data, but they do not appear in the model. A careful inspection of Table 4 shows that the poor fit arises from transitions involving v 0 ¼ 0 of the B upper state. This may be explained by the cascade mechanism: the electrons excite the g-states, like the EF state, whose near-infrared or visible emission populates principally the lower levels of the B state that subsequently fluoresce toward the ground rovibrational states. This effect appears also, but less strongly, for some peaks in the second spectral region between 1380 and 1390 8.
In the second spectral region, some regions of the experimental spectrum have less intensity than the model. As the calculations do not take into account the coupling between the g and u states, this lack of agreement could be explained by the borrowing effect for mutually interacting electronic states.
Between 1384.5 and 1385 8, the difference is nearly 50%. Inspection of Table 5 shows that the B, v ¼ 10 rotational levels emit in this region and the rotational levels are perturbed by the EF state with v ¼ 2. Dabrowski & Herzberg (1976) Table 5 is 0.033 8 (1.7 cm À1 ) close to the shift due to the g-u coupling. If we use the two-level coupling approximation, the intensity loss due to the perturbation is 1.7/104.2. This amount is too small to explain the discrepancy, even if we take into account the cascade de-excitation path due to g-u coupling.
Between 1387 and 1390 8, the experimental structures are only slightly lower than the model. Table 4 shows that rotational levels of the B, v ¼ 12 emit in this region. Hinnen et al. (1995) has studied its perturbation by the EF, v ¼ 5; for J ¼ 3, the gap between the two g and u states is 30.8 cm À1 and o À c of Table 5 is close to 3 cm À1 , this is compatible with the borrowing effect.
We have made a major effort to explain these discrepancies. We show in Figure 5 a regression fit of the data in the same two FUV spectral regions as in Figure 4 by a model that consists of direct excitation of the Lyman band system and cascading by the EF intermediate state. The EF-B cascade is the strongest u band system by using the electronic factor of excitation shape function X-EF obtained for H 2 by Liu et al. (2003) and the vibrational wave function of HD. The regression model is in excellent agreement with the observed data, proving cascade emission is easily observable in the FUV. As we have shown for H 2 (Liu et al. 2002) many cascade channels from the EF state contribute to each cascade contribution to a rotational line. Other gerade Rydberg series members contribute to this spectrum including the GK, HĤ, I, J, . . . , states, although the EF state remains the strongest contributor. Consideration of only the EF state will slightly underestimate the observed intensity.
Cross Sections
Although there have been previous high-resolution spectral emission studies of H Ly and D Ly line profiles and cross section studies from H 2 and D 2 , respectively, by our laboratory program at JPL (cf. Ajello et al. 2003) , the measurements presented here are the first conducted upon HD. The most recent review of electron-molecule collision by Compton & Bardsley (1984) indicates two emission cross section studies of HD in the past: (1) by Möhlmann et al. (1978) to study the H, D Ly emission cross sections from dissociative excitation of HD, and (2) by Karolis & Harting (1978) to determine the Balmer series emission cross sections also from dissociative excitation of HD.
From earlier studies by the Dutch group it is known that in case of electron impact dissociative excitation of H 2 and D 2 , a considerable fraction of the produced H and D atoms in the n ¼ 2 are in the 2s state. However, for some H-containing molecules, like H 2 O, NH 3 , CH 4 , and HCl, no H atom in the 2s state is produced in the dissociation excitation by electron impact. Möhlmann et al. (1978) have measured the H, D (2s ! 1s) cross sections at energies 100 eV to 2 keV for electron impact dissociative excitation of HD. Their measured value at 100 eV is 4:84 ; 10 À18 cm 2 . As in the case of the H, D Ly (i.e., 2p ! 1s transition) cross section (discussed in x 7), we can correct their H, D (2s) cross sections by normalizing them with the ratio 7.98/10.8 for the H, D (2p !1s) cross section at 100 eV. This scaling gives a cross section value of 3:58 ; 10 À18 cm 2 for the H, D (2s) production in electron impact on HD. The scaled H, D (2s ! 1s) cross section values of Möhlmann et al. (1978) are also shown in Figure 3 ( line with open star). Thus, the total cross section for the H, D (2p, 2s ! 1s) emission at 100 eV would be (7:98 þ 3:58) ; 10 À18 ¼ 1:16 ; 10 À17 cm 2 . It is interesting to note, as quoted by Möhlmann et al. (1978) , that only in the cases (i.e., H 2 , HD, and D 2 ) in which the minimum required energy to produce the H (n ¼ 2) is smaller than the ionization potential of the parent molecules, that the H(2s) atoms are produced.
The ratio of the emission cross sections for the production of H(2s) to that of H(2p) [i.e., H, D (2s/2p) ratio], produced in e þ HD at 100 eV, as given by Möhlmann et al. (1978) , is 0.448, and it remains roughly constant (between 0.43 and 0.49) throughout the energy range 100-2000 eV. The H, D (2s/2p) ratio value for H 2 of Möhlmann et al. is 0.605, which is comparable to the value is 0.697 obtained by Ajello et al. (1991) . The Lyman band and Werner band direct cross sections at 100 eV for HD and H 2 can also be compared. The Lyman and Werner cross sections for (Liu et al. 1998 ). The ratio of Lyman (B-state) to Werner (C-state) cross sections at 100 eV is 1.01 and 1.09 for HD and H 2 , respectively (cf. Table 1 ). The absolute Lyman and Werner cross sections for D 2 are nearly the same as for H 2 , based on the assumption by Abgrall et al. (1999) that the Lyman and Werner band excitation shape functions are the same for H 2 and D 2 . In this experiment the estimated uncertainties to both the Lyman and Werner band system 100 eV direct excitation cross sections from HD are 10%, whereas the estimated uncertainties to both the B 0 X and D X band system 100 eV direct excitation cross sections are 25%.
We now have completed the high-resolution spectroscopic laboratory studies of the hydrogen isotopomers, H 2 , HD, and D 2 by electron impact under optically thin conditions: leading to a fundamental set of molecular emission and excitation cross sections and a verification of the ab initio calculations of transition probabilities for n ¼ 2 and 3 gerade Rydberg series members. The results of this laboratory program are amenable to calculation of synthetic model spectra and electron energy loss processes in planetary atmospheres, cometary atmospheres, stellar atmospheres, and the ISM involving collisions of electrons with hydrogenic molecules.
The laboratory measurements described in this text was carried out at the Jet Propulsion Laboratory, California Institute of Technology. 
